The aim of functional tissue engineering is to repair and replace tissues that have a biomechanical function, i.e., connective orthopaedic tissues. To do this, it is necessary to have accurate benchmarks for the elastic, permeability, and swelling (i.e., biphasic-swelling) properties of native tissues. However, in the case of the intervertebral disc, the biphasic-swelling properties of individual tissues reported in the literature exhibit great variation and even span several orders of magnitude. This variation is probably caused by differences in the testing protocols and the constitutive models used to analyze the data. Therefore, the objective of this study was to measure the human lumbar disc annulus fibrosus (AF), nucleus pulposus (NP), and cartilaginous endplates (CEP) biphasic-swelling properties using a consistent experimental protocol and analyses. The testing protocol was composed of a swelling period followed by multiple confined compression ramps. To analyze the confined compression data, the tissues were modeled using a biphasicswelling model, which augments the standard biphasic model through the addition of a deformation-dependent osmotic pressure term. This model allows considering the swelling deformations and the contribution of osmotic pressure in the analysis of the experimental data. The swelling stretch was not different between the disc regions (AF: 1.28±0.16; NP: 1.73±0.74; CEP: 1.29±0.26), with a total average of 1.42. The aggregate modulus (Ha) of the matrix was higher in the CEP (390 kPa) compared to the NP (100 kPA) or AF (30 kPa). The permeability was very different across tissues regions, with the AF permeability (80 E −4 mm 4 /Ns) higher than the NP and CEP (6-7 E −16 m 4 /Ns). Additionally, a normalized time-constant (3000 sec) for the stress relaxation was similar for all the disc tissues. The properties measured in this study are important as benchmarks for tissue engineering and for modeling the disc's mechanical behavior and transport.
INTRODUCTION
The function of the intervertebral disc is to transmit spine loads while allowing relative motion between the vertebral bodies. However, the function of the intervertebral disc is impaired by disc degeneration, a cascade of compositional and structural changes, that often results in low back pain (Adams and Dolan, 2012; Adams and Roughley, 2006; Urban and Roberts, 2003) . Surgical treatments of painful disc degeneration include fusion of the vertebral bodies and arthroplasty, which alleviate symptoms but do not restore the disc structure or function. Tissue engineered disc replacements are promising alternatives to current surgical approaches (Hudson et al., 2013) . Engineered discs can potentially restore both the native structure and function while preserving the capacity of the disc to remodel in response to external stimuli (Bowles et al., 2012; Hudson et al., 2013; Lee et al., 2012; Mizuno et al., 2006; Nerurkar et al., 2010b; Xin et al., 2013) . To provide a similar function compared to native intervertebral disc, tissue engineered replacements must have similar mechanical behavior as healthy intervertebral discs (Nerurkar et al., 2010a) .
The mechanical behavior of the intervertebral disc is a product of the biphasic-swelling properties (defined as the elastic, permeability, and swelling properties) of its individual tissue components: the annulus fibrosus (AF), nucleus pulposus (NP), and cartilaginous endplate (CEP) (Cortes and Elliott, 2014) . Measuring the biphasic-swelling properties of the individual disc tissues is important as benchmarks for tissue engineering and for modeling the disc's mechanical behavior and transport. The tensile mechanical behavior of the fiberreinforced AF has been extensively studied and accurately described using constitutive models (Guerin and Elliott, 2007; Guo et al., 2012; Klisch and Lotz, 1999; O'Connell et al., 2012; Sen et al., 2012; Wagner and Lotz, 2004; Wagner et al., 2006; Wu and Yao, 1976) . However, mechanical properties of the human AF extra-fibrillar matrix have been less explored, and the reported values for permeability span several orders of magnitude (Table  1) . This variation in permeability is probably caused by differences in the testing protocols and the constitutive models used to analyze the data. Additionally, limited data are available for elastic properties and permeability of the human NP and CEP (Table 1) . Osmotic swelling plays a crucial role on the hydration and function of the intervertebral disc, but has received little consideration in the measurement of tissues properties. Therefore, the objective of this study was to measure the human lumbar disc AF, NP, and CEP biphasicswelling properties using a consistent experimental protocol and analyses.
METHODS
The biphasic-swelling properties the AF, NP and CEP were measured using confined compression experiments. The testing protocol was composed of a swelling period followed by multiple compression ramps. Similarly, the analysis of the experimental data was divided in two steps: one to calculate the swelling stretch, and another to calculate the tissue properties from the transient response of the applied compression strains.
Sample Preparation
14 lumbar spines were acquired from an approved vendor (NDRI, Philadelphia, PA), the age range of the donors was between 43 and 93 years old, and the gender distribution was 11 male and 3 female donors. Spines were imaged in a 3 Tesla scanner to determine the degenerative grade using a protocol established in previous studies (Cortes et al., 2013; O'Connell et al., 2012) . All the tested discs had a degeneration grade of 3 or lower. Samples from discs with grades 4 and 5 could not be successfully dissected or tested and therefore were not included in the study. AF samples were dissected from three locations in the midsagittal plane of L3-L4 intervertebral discs: posterior (PAF, n=6), outer-anterior (OAF, n = 7) and inner-anterior (IAF, n = 5). The axis of the AF samples was perpendicular to the lamellae (radial direction) to minimize fiber contribution during the compression test. CEP and NP samples were dissected from discs at different levels of the lumbar spine (L1-L2: n = 5; L2-L3: n = 6; L3-L4: n = 1) (Figure 1 ). The samples were sectioned on a freezing-stage microtome to a thickness of 1.5 mm for AF and NP samples, and 0.8 mm for CEP. A plug of 4 mm in diameter was excised using a biopsy punch.
Confined Compression Protocol
The confined compression protocol consisted of a swelling period of 3 hours, where the samples were allowed to equilibrate within a PBS bath, followed by a series of compressionrelaxation ramps that were held to allow for stress-relaxation to equilibrium. For AF samples, the initial swelling was performed outside the testing chamber and the sample was then placed in the testing device (Instron 5542, Canton, MA) and thickness was measured after reaching equilibrium under a 1 kPa preload (Cortes et al., 2013) . Five compression ramps of 10% were then applied in a period of 2000 seconds (strain rate of 0.005%/s), followed by relaxation periods ranging from 2 to 6 hours.
To avoid over-hydration of the NP and CEP samples, the initial swelling was performed while contained in the confined compression chamber (isometric swelling). Although no change in volume is experienced during the isometric swelling period, osmotic swelling results in a pressurization of the confined compression chamber (Johannessen and Elliott, 2005; Périé et al., 2005) . After isometric swelling, 3 compression ramps of 5% of the initial thickness were applied in a period of 300 seconds (i.e. strain rate of 0.016%/s,) followed by relaxation periods of 4000, 6000 and 8000 seconds for NP samples, and 3000, 3000 and 4000 seconds for CEP samples. Preliminary experiments showed that these relaxation periods were sufficient to reach equilibrium.
Water and glycosaminoglycan content
Water and GAG content for AF tissue was measured only for tested samples (Cortes et al., 2013) . A previous study on bovine AF showed no differences in fixed charge density between tested samples and adjacent tissue (Cortes and Elliott, 2011) . However, since no preliminary data was available for NP and CEP, water and GAG content of NP and CEP were measured in adjacent tissue and tested samples following completion of the mechanical testing. The water content was determined by the difference between wet and dry weight. Samples were digested overnight in a papain solution (2% vol) at 65 °C. Glycosamiglycan content was measured using a 1,9-dimethylmethylene blue (DMMB) assay with chondroitin-6-sulfate as the standard and expressed as percentage of dry weight (Han et al., 2012; Jacobs et al., 2011; Nerurkar et al., 2011) .
Biphasic-Swelling Model
To analyze the confined compression data, the tissues were modeled using a biphasicswelling model. This model augments the standard biphasic model through the addition of a deformation-dependent osmotic pressure term (Ehlers et al., 2009; Galbusera et al., 2011; Wilson et al., 2005) . This model is a simplification of the triphasic theory because it assumes that the ion concentration is in equilibrium at all times. Therefore the ion concentration and the osmotic pressure only depend on the fixed charge density and the external ion concentration. In the biphasic-swelling model, the applied stress is defined as the addition of the fluid and osmotic pressure (p f and p os ) and the matrix stress (σ matrix ):
( 1) At equilibrium, such as the end of the relaxation period after a compression ramp, the fluid pressure, p f , is zero, and the applied stress is the addition of the matrix stress and the osmotic pressure. The expression for the osmotic pressure assuming ideal solutions is presented in Eq. (2) and the constitutive equation for the matrix in terms of the strain energy functions is presented in Eq (3).
(2) (3) where, R is the universal gas constant, T is the absolute temperature, c fc is the fixed charge density, c b is the ion concentration in the testing bath, C i (i = 1, 2, 3) are material properties, I 1 , I 2 , and I 3 are strain invariants and β = C 2 + 2C 3 . The Holmes-Mow model used for the matrix is defined by three parameters: C 1 , C 2 and C 3 ; where C 1 represents the stiffness of the tissue in the reference configuration, while C 2 and C 3 control the non-linearity (Holmes and Mow, 1990) . The parameters C 1 , C 2 and C 3 are related to Poisson's ratio (ν), Young modulus (E) and Aggregate compression modulus (Ha) and by the expressions: (4) Deformation of the solid matrix, which is caused by either the external applied forces or the osmotic pressure, alters the tissue volume and the fixed charge density (c fc ). This change can be quantified using (5) where c fc0 and are the fixed charge density and the water content, respectively, at the reference configuration; and J is the ratio between the volume at the deformed and reference configuration. The fixed charge density in the reference configuration was calculated from the GAG content as (Chahine et al., 2004) : (6) where c GAG is mg of GAG per ml of water, and M CS and Z CS are the molecular weight and number of charges per CS disaccharide, respectively (Z CS = 2 charges/repeating unit; M CS =513 g/repeating unit). For NP and CEP tissues, the average fixed charge density of the tested sample and the corresponding adjacent tissue was used for the curve fitting process.
The permeability was assumed to be strain dependent with the following constitutive relation (Holmes and Mow, 1990) : (7) where k 0 is the hydraulic permeability in the reference configuration, and M is a non-linear parameter.
In confined compression, the rate of stress relaxation is characterized by a time-constant defined as h 2 / (Ha * k 0 ), where h is the thickness of the sample, and Ha is the aggregate modulus. This time constant represents the time needed for the peak stress to reduce to 33% of its value when the tissue is subjected to small deformations. Since the samples used in this study had different thickness, a normalized time constant defined as 1/(Ha * k 0 ) was used to compare the rate of stress relaxation between disc tissues.
Data Analysis
The open-source software FEBio was used to analyze the experimental data (www.febio.org). The curve-fitting process was performed using the optimization algorithm within FEBio. The biphasic-swelling model was implemented in FEBio by adding the deformation dependent osmotic pressure term (Eq. 2) and the biphasic option to a HolmesMow matrix. The parameters of the biphasic-swelling model obtained from the curve fitting process were the elastic parameters of the matrix (E, ν, and β) and the parameters of the nonlinear permeability (k 0 and M).
The curve fitting was divided in two steps: analyzing the response of the tissue at equilibrium (after swelling and each of the compression ramps) and curve-fitting the stress relaxation curves for all the compression ramps. In the equilibrium analysis, the swelling stretch and the elastic properties (E, ν, β) were determined by satisfying the equilibrium condition between the osmotic pressure, stress in the matrix and applied stress (this procedure is explained in detail in (Cortes and Elliott, 2011; Cortes et al., 2013) . In the analysis of stress relaxation curves, the permeability parameters (k 0 and M) were calculated by curve-fitting the biphasic-swelling model. To calculate the effect of swelling on the elastic and permeability properties of the tissue, the measured parameters were compared to those obtained by curve-fitting the experimental data using a biphasic model (without swelling).
Statistical Analysis
All of the parameters (E, v, β, K 0 , M, GAG) were evaluated for differences with respect to tissue type (NP, CEP, AF) using a Kruskal-Wallis test followed by a Dunn's comparison post-test. There was no significant difference between AF tissue location (PAF, OAF, IAF) for any of the measured parameters; therefore, the parameters from those locations were pooled.
RESULTS

Composition
There was no significant difference between the GAG content of tested samples and adjacent tissue (Table 2 ). However, the water content was higher in the tested samples. This indicates that GAG leaching was negligible, but samples were hydrated during the test. Glycosaminoglycan content (samples) was highest in the NP at 32%/dry weight, whereas the AF was the lowest at 6%/dry weight and the CEP was 14%/dry weight. The water content (82-84%) was similar for the NP and AF and the CEP water was lower (75%). The average fixed charge density, calculated from these compositional parameters, was highest in the NP (317 mM) and lowest in the AF (48.1 mM) ( Table 2) .
Swelling stretch
The swelling stretch was not different between the disc regions (AF: 1.28±0.16; NP: 1.73±0.74; CEP: 1.29±0.26), with a total average of 1.42. The relative uniformity in swelling stretch could be caused by the high CEP modulus that may have constrained the swelling deformations.
Biphasic-Swelling properties
The elastic parameters were calculated using the optimization routine in FEBio applied to the experimental equilibrium response of each of the compression ramps. The optimization procedure was excellent, with less than 4% average difference in the equilibrium stress between the model fit and the experimental data. The aggregate modulus (Ha) of the matrix was higher in the CEP (390 kPa) compared to the NP (100 kPA) or AF (30 kPa) (Figure 2a) . It is important to note that the aggregate modulus (Figure 2a ) and the Young's modulus (Table 2) correspond to the uncharged matrix and does not include the contribution of osmotic pressure, which is a separate term in the biphasic-swelling model. Since confined compression was applied perpendicular to AF fibers, the modulus presented in this study represents that of the extra-fibrillar matrix; while for the NP and CEP, the modulus resents all their solid components. The Poisson's ratio (ν=0.18) was not different between the regions (p = 0.22).
The permeability parameters were calculated using the optimization routine in FEBio applied to the transient response the compression ramps. The optimization procedure was good, with less than a 10% difference in the peak stress between the model fit and the experimental data (Figure 3 ). The permeability was very different across tissues regions, with the AF permeability (80 E −4 mm 4 /Ns) higher than the NP and CEP (6-7 E −4 mm 4 /Ns) (Figure 2b , note log scale). Although the permeability was different with region, the time-constant (3000 sec) for the stress relaxation was similar for all the disc tissues. This likely occurs due to the contribution of the modulus, which has the opposite spatial variation compared to the permeability. All the average parameters for the biphasic-swelling model are presented in Table 2 .
Standard biphasic properties (without osmotic swelling)
The standard biphasic model, in which swelling is not modeled separately but is combined into solid matrix, was fit to the experimental data. This analysis was performed to evaluate the contribution of swelling on the tissue properties and for comparison to previously published data that use the standard biphasic model. When the confined compression data was analyzed with a biphasic model, the modulus was higher because it includes the contribution of osmotic pressure (Table 3 ). The permeability of the NP and AF were also higher than that obtained considering swelling of the tissue (Table 3) , probably due to differences in the reference configurations.
DISCUSSION
The aim of this study was to measure the human lumbar disc AF, NP, and CEP biphasicswelling properties to serve as benchmarks for tissues engineering replacements. Strengths of this study are that properties are measured using consistent experimental protocols and analysis of the swelling produced by the GAGs was included. Additionally, human CEP properties are reported for the first time. This analysis showed differences of the elastic modulus, permeability, and fixed charged density between disc tissues. Interestingly, parameters such as swelling stretch and stress-relaxation time-constant were similar across disc tissues.
An important characteristic of this study is that swelling stretch caused by the osmotic pressure was considered in the measurement of mechanical properties. This was accomplished by performing the swelling experiment before the application of the compression ramps. The analysis of the equilibrium (Equation 1) after the swelling period showed that tensile matrix stress is present for all the disc tissues including the CEP and NP. In the case of AF, there was no applied stress during the swelling period (free swelling), which clearly indicates that the osmotic pressure was equilibrated by a tensile matrix stress. For the CEP and NP, the equilibrium condition (equation 1) indicates that the matrix stress must be positive (tension) since the osmotic pressure was higher than the applied stress measured at the end of the swelling period. Consequently, a swelling stretch larger than 1.0 was calculated for the NP and CEP. Since there is no change in volume during the isometric swelling of CEP and NP samples, the calculated tensile matrix stress and stretch may represent the in-situ conditions of these tissues, i.e., tensile matrix stress may be present in the CEP and NP during physiological conditions. Experimental and numerical studies of articular cartilage have shown that tensile matrix stress is produced by the osmotic pressure (Ateshian et al., 2009; Chahine et al., 2004; Nagel and Kelly, 2012) .
The effect of swelling on the calculation of disc mechanical properties can be observed by the differences between biphasic-swelling properties (Table 2 ) and biphasic properties (Table 3) . As expected, the aggregate and Young's moduli are lower for the biphasic-swelling properties since the osmotic pressure is considered separately. The permeability is also lower for the biphasic-swelling model, probably due to differences in reference configuration. For the standard biphasic model, the reference configuration (zero deformation) is assumed as the beginning of the first ramp. Conversely, for the biphasicswelling model, the solid matrix is stretched at the beginning of the first ramp. This indicates that the reference configuration for the biphasic-swelling model is 'compressed' compared that of the biphasic model. This may explain the lower values of permeability for the biphasic-swelling model. Important differences in biphasic-swelling properties between the individual disc tissues were observed (Figure 2 , Table 2 ). The CEP had the highest aggregate and Young's moduli, which may be related to the higher compressive loads transmitted through the core of the disc. As higher fluid pressures are present in the center of the disc, the higher modulus in the NP and CEP may contribute to resist such forces. Permeability was higher in the AF compared to the NP and CEP. The differences in permeability between disc tissues may have important implications on the mechanical behavior and transport properties of the disc. Lower permeability of the NP and CEP contributes to increase the fluid pressurization of the central part of the disc which is important to carry compressive loading through the spine. Higher permeability of the AF may indicate enhanced fluid flow. However, the distance from the NP to the OAF is larger than to the vertebral endplate, so although fluid flow is 'easier' it must travel further to reach the central NP radially from the OAF. Numerical studies are warranted to analyze the effects of regional variation of permeability on the transport to and from the NP (Grunhagen et al., 2011; Jackson et al., 2011) .
Although the permeability and the total modulus were different for all the disc tissues, the normalized relaxation time constant was similar for all tissues. This observation is very important since it implies that all the disc tissues dissipate the interstitial fluid pressure at the same rate. The swelling stretch was also similar for all tissues. Differences in normalized relaxation time constant or the swelling stretch could cause stress concentrations in the disc if tissue regions deformed at different rates in response to external or osmotic loads. Therefore, uniformity of swelling deformations could be a consequence of adaptation to avoid localized stress concentration. Indeed, the disc appears to maintain a balance wherein regions with higher GAG content (NP, CEP) have a correspondingly high matrix modulus to restrain excessive swelling and produce conformity in mechanical response between individual disc regions.
Some of the parameters measured in this study can be evaluated within the context of previously published reports on human disc tissues. The glycosaminoglycan and water content reported in this study were similar to previous reported measurements of healthy intervertebral discs (GAG content, NP: 32%, AF: 6%, CEP: 14% of dry weight; water content: NP: 89%, AF: 81%, CEP: 75% of wet weight) (Adams and Muir, 1976; Eyre, 1979; Johannessen and Elliott, 2005; Roberts et al., 1989) . However, the water content of the AF measured in this study (81%) was higher than previously reported (50%) (Adams and Muir, 1976) . This large difference may have been caused by the initial free swelling that was part of the protocol of the AF and the inclusion of samples from the inner AF. Although the NP had the highest GAG content, the CEP had the highest fixed charge density due to its lower water content. The values of AF permeability found in this study were in the range of values reported in the literature (1.5-130 × 10 −16 m 4 /Ns), although this range is quite large (Best et al., 1994; Gu et al., 1999; Iatridis et al., 1998; Johannessen and Elliott, 2005; Klisch and Lotz, 2000) . The values obtained in this study are closer to those reported by Gu et al., (Gu et al., 1999) (19.2 × 10 −16 m 4 /Ns) where direct permeation experiments were used to measure the permeability. The NP permeability measured in this study was lower than previously reported (Johannessen and Elliott, 2005) . Although the prior study also performed a confined compression experiment, a linear model was used to analyze the experiments. There are no values reported in the literature for the permeability of human CEP. The biphasic-swelling modulus values presented in this study do not include the contribution of osmotic pressure and thus cannot be directly compared to moduli in the literature. However, the AF and NP aggregate modulus values for the standard biphasic model (Table 3) are lower than those reported in the past (Table 1) . Conversely, the AF biphasic permeability (Table 3 ) was higher than previous reports (Table 1 ). These differences may be explained by differences in loading protocols and models used for the data analysis. Although, many important studies have measured elastic, permeability and swelling properties of animal intervertebral disc tissues (Barbir et al., 2010; Heneghan and Riches, 2008; Hongo et al., 2008; MacLean et al., 2007; Périé et al., 2005; Perie et al., 2006; Recuerda et al., 2012; Setton et al., 1993) , differences in size, shape, and loading conditions can limit the application of these properties as benchmarks for functional tissue engineering.
The aim of functional tissue engineering is to repair and replace tissues that have a biomechanical function, i.e., connective orthopaedic tissues. Therefore, engineered disc replacements must be designed to achieve similar properties to healthy disc tissues for both function in the joint and to provide mechanical signal to the residing cells. Functional tissue engineering of the intervertebral disc has focused on replacements for the NP, AF, and disclike constructs (Bowles et al., 2012 (Bowles et al., , 2011 Foss et al., 2014; Hu et al., 2012; Hudson et al., 2013; Iatridis et al., 2013; Jin et al., 2013; Mizuno et al., 2006; Nerurkar et al., 2010b Nerurkar et al., , 2009 O'Halloran and Pandit, 2007; Sasson et al., 2012; Silva-Correia et al., 2011; Strange and Oyen, 2012) . Tissue engineering of the AF has mainly focused on replicating its structural and tensile properties (Hudson et al., 2013; Jin et al., 2013; Nerurkar et al., 2009 ). However, limited data is available on permeability and compressional properties. For NP replacements, the compression modulus is usually similar to that reported to NP; but, the permeability is higher than the values here (Foss et al., 2014; Hu et al., 2012; Sasson et al., 2012; Silva-Correia et al., 2011; Strange and Oyen, 2012) . Similarly, the permeability of a whole engineered disc was reported to be 5×10 −14 m 4 /Ns, which is larger than any of the disc tissues (Mizuno et al., 2006) . Although a higher permeability may facilitate transport of nutrients and metabolites to the cells, it also will allow for faster exudation of interstitial water, lower hydraulic pressure, and higher stress in the scaffold/matrix under compressive loading. Replicating the low permeability of the NP and CEP and achieving cell viability in this tissue impose a challenge for tissue engineering of disc replacements The parameters measured here are very important for structural finite element models of the disc's mechanical behavior. Numerical studies on the concentration of nutrients and metabolites heavily depend on the transport properties used in the simulations (Grunhagen et al., 2011; Shirazi-Adl et al., 2010) . Tissue engineering of the intervertebral disc can greatly benefit from these types of numerical studies. Concentration of glucose, oxygen, growth factors, and other metabolites can be simulated for different material properties and loading conditions as it is being done for engineered articular cartilage (Lin et al., 2013; Nims et al., 2013; Raimondi et al., 2011) . Hence, properties of the engineered tissue can be modified to produce conditions more favorable for cell survival and physiology.
In conclusion, this study measured the elastic properties, permeability, and swelling properties of human disc tissues, which are important for tissue engineering applications and for structural finite element models of the disc. For tissue engineering, disc replacements should be designed to achieve properties similar to healthy disc tissues for both joint function and for cell mechanotransduction. Moreover, disc tissue engineering can benefit from numerical studies of transport, where the concentration of glucose, oxygen, growth factors, and other moieties can be simulated under various material property and loading conditions. Using such models the engineered tissue can be developed to produce conditions more favorable for cell survival and function. Sagittal section of the intervertebral disc showing the location of teh confined compression samples (discs of 4mm in diameter). OAF: outer-anterior annulus fibrosus, IAF: inneranterior annulus fibrosus, NP: nucleus pulposus, CEP: cartilaginous endplate. Properties (median and interquartile range) obtained using the biphasic swelling model were location dependent: A) the aggregate modulus was highest at the CPE, B) the permeability was highest in the AF. Note the logarithmic scale. *p<0.05. NP = nucleus pulposus, AF = annulus fibrosus, CEP = cartilaginous endplate. Representative plot of the curve-fitting of the transient response of the nucleus pulposus during the compression ramps. Notice that the experimental curve and the model prediction do not start at the origin, but at the swelling force indicated with an arrow.
